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Abstract

Crystallization of pindolol from the melt was studied by differential scanning calorimetry (DSC) and polarized light ther-
momicroscopy (PLTM) in order to discriminate the polymorphic forms obtained by this method. The crystallization process
originates one exothermic signal localized in two different well-defined temperature ranges. Fusion gives rise to overlapped
curves, which were analysed by peak-fitting. The polymorphs were identified as the clusters formed with the values obtained
for Tpeak Of the component curves. Three polymorphic forms were exhibited by pindolol crystallized from the melt. Commercial
pindolol presents only two of these forms.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction pounds can result from different hydrogen bond net-
works and from different conformations of the non-
This paper deals with the study of polymorphism polar molecular segments between the polar centres
of pindolol (Fig. 1), a beta-adrenoreceptor antagonist involved in intermolecular interactions. Those poly-
with partial agonist activity. The importance of poly- morphs differing among themselves in conformation
morphismin pharmaceuticals makes its study a relevant of the non-polar parts have close energy values because
matter, either on the theoretical or on the practical point only dispersion forces are involve@égrnstein, 1987;
of view. Brittain and Byrn, 1999
Like most organic compounds, pindolol can present ~ Another problem to be faced on running research
different structural arrangements in the solid state. The programs on polymorphism of organic compounds is
diversity of structures exhibited by this type of com- the simultaneous presence of several crystalline forms
generated in crystallization processes from solvents or
"+ Corresponding author. Tel.: +351 230 852 080; from melts Bernstein et aI.,_19§_)9SoI|d|f|cat|on, as
fax: +351 239 827 703. an activated process occurring in supersaturated solu-
E-mail addressgquierme@ci.uc.pt (M.E. Eébio). tions or in supercooled melts, gives rise to metastable
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Fig. 1. Molecular structure of pindolol.

forms accompanying the thermodynamic stable one with Merck Hitachi L3000 equipmentunder the follow-
(Mullin, 1993). Furthermore, organic solids often grow ing experimental conditions: column, spherisorb ODS-
as imperfect crystalline lattices, giving rise to semi- 2RP18; mobile phase, mixture of 0.025M potassium
crystalline or even amorphous material. Attention has phosphate aqueous solution (pH = 4.5), and acetoni-
to be paid to this point to avoid misunderstanding poly- trile, 92:8 (v/v) with 1.5 ml/min flow; detection, UV
morphic forms with poorly ordered material. photodiode { = 230 nm).

On studying polymorphism of organic compounds, DSC Pyris 1 calorimeter equipped with Cryofill
one expects to find complex mixtures of close energy cooling system and DSC7 calorimeter equipped with
crystalline forms, often containing solid material with CCA7 cooling unit, both from Perkin Elmer, were
different crystallinity degree. Thence, to get reliable used. Mass of the substance in the range of 1.5-3 mg
data, accurate experiments and sensitive methods arevas encapsulated in aluminium pans recommended for
required. volatile samples. The calorimetric reference was the

The pindolol specimens used for searching poly- empty pan. For reasons explained later on, special at-
morphs were the original material supplied by a com- tention was paid to the sample assembling in order to
mercial firm, and the solid samples prepared by cooling avoid the presence of oxygen. The pan containing the
molten pindolol. The discrimination of the two sources substance was left in a dry nitrogen box for enough
is obvious as the generated polymorphs depend on thetime to purge air off the sample, and then sealed inside
conditions under which they are formed. the box.

This research program on polymorphism was car-  The calorimeter was calibrated for temperature with
ried out by differential scanning calorimetry (DSC)and 99.9% pure cyclohexanel{,s = 6.66 + 0.04°C)
polarized light thermomicroscopy (PLTM). Data col- (Sabbah et al., 1995and 99.99% indium Tfs =
lected from successive cooling/heating cycles recorded 156.60°C) (Sabbah et al., 1995Enthalpy calibration
between 25 and 17% are used to identify the solid  was performed with indium,sH = 3286+ 13J mot!
structures of pindolol. (Sabbah et al., 1995A 20 ml/min nitrogen purging

flow was used.
As a rule, four heating/cooling cycles were per-
2. Materials and methods formed between 25 and 178 for each sample. At
temperatures below 2%, no phase transitions were

The original substance used for the preparation of observed.
the samples studied in this work was supplied by = The samples for thermomicroscopic studies were
Sigma-—Aldrich. Tested by HPLC, the purity found was prepared by dispersing as isolated particles a small
higher than 99%. The chromatograms were obtained amount of the solid at the bottom of a covered 7-mm
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quartz crucible. This procedure allows the observation first to the second fusion and then remains constant.
in the same test of the behaviour of several particles The curves after the first fusion are tailed giving an on-
during successive heating and cooling runs. settemperatur€,,, 3—4°C below that given by the first

The samples were studied in heating/cooling cycles curve. A decrease in fusion enthalpy,sH, of about
between 25C and the melting point, at scanning rates 5 kJ mol-1 between the first fusion and the subsequent
between 1 and 10C/min. The scans were made under ones, is also observed.

a nitrogen atmosphere through the use of a nitrogen  The difference between the results found for the first
flow. fusion and the subsequent ones can be understood by
The hot stage/DSC video microscopy analysis was admitting the oxidation of molten pindolol by oxygen.

performed using a Linkam system DSC 600. For the op- Although the instrument is purged by a nitrogen flow,
tical observation, we used a Leica DMRB microscope, the air imprisoned inside the pan is not removed and
a Sony CCD-IRIS/RGB video camera. Forimage anal- some pindolol is oxidised as fusion occurs. The oxi-
ysis, a Linkam system software with Real Time Video dation comes to the end as oxygen is used up by the
Measurement System was used. The images were ob+eaction with pindolol, what happens in particular in
tained by combined use of polarized light and wave the first fusion process. The oxidation product acts as
compensators, using a 20Anagnification. impurity, giving rise to tailed fusion curves, with the
temperature maximum shifted towards lower tempera-
ture and to a decrease of the fusion enthalpy.

3. Results and discussion The interpretation presented herein is quite under-
standable as indole is readily oxidised by a variety of
3.1. Preliminary DSC studies reagents including oxygen. In fact, indole is chemically

oxidised, giving rise to indoxyl (3-hydroxyindole) and

Preliminary tests, performed with samples sealed thence to indigoRemers, 197R Stenlake (1979je-
in open atmosphere and submitted to successive heat{orts the light catalysed oxidation of indole on expo-
ing/cooling runs, pointed out differences between the sureto air yielding the compounds described above. An
first and the subsequent fusion curves. In fact, the first analytical method for quantitative determination of pin-
fusion curve is narrower and exhibits a maximum at dolol based on the oxidation of indole moiety by some
higher temperature than the others. A typical exper- reagents was developed in a previous wdvkalirous
iment is illustrated byFig. 2, which corresponds to  etal., 1992
a sample submitted to four heating/cooling runs. The  Out of the influence of light, the oxidation of the
peak temperaturépeax decreases about’® from the solid is noticeable only at temperatures close to the
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Fig. 2. Sequential DSC heating runs carried on pindolol assembled in air atmospire212 mg, heating rate =°/min).
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Fig. 3. Infrared spectra of the original pindolol (A) and of a sample melted in air atmosphere (B).

melting point. In fact, the first fusion curves for sam-

ples assembled in contact with air do not differ much

from the real ones. On the contrary, the weakness of
the intermolecular hydrogen bonds in the liquid state
favours the oxidation of pindolol. The infrared spec-

trum of the original pindolol and of a sample melted _—
in air atmosphereN(g. 3) reveals differences related to aQ |
the oxidation process. The most evident difference is =~ L__
the increasing in the 3000 crh band correspondent to
the stretching of the unsaturated CH bond. ‘ . :

In practice, the problem due to the oxidation of pin- 150 185 160 165 170
dolol on heating is overcome by sealing the aluminium Temperature/°C
pan under nitrogen atmosphere after removing air with
a nitrogen flow. This was the procedure followed along Fig. 4. DSC pattern for successive heating runs carried on a pindolol
this research. sarr:ple qssembled in nitrogen atmosphere: .83 mg, heating rate

In Fig. 4 are depicted the DSC heating curves 1°Clmin).
recorded for a sample assembled under these ex- [jist of all, let us consider the results obtained for
_perlmen_tal conditions submltt_ed to successive heat- o original samples. The endotherm corresponding to
ing/cooling cycles. The undesirable effects caused by ,gjon is the unique thermal signal observed for this
the presence of oxygen are really eliminated. substance on heating. The fusion curves recorded at any

scanning rate between 0.5 and°@min show over-
3.2. Thermal behaviour of pindolol lapped curves corresponding likely to different poly-
morphs.

The search for polymorphs was undertaken eitherin ~ The analysis of the curves was performed by a peak
the original substance purchased from the supplier andfit program Qrigin, 2003. The best goodness-of-fit
used without any further treatment, or in samples pre- was achieved by using the following double asymmet-
pared by cooling molten pindolol under different cool- ric sigmoidal equation
ing rates. Having in mind that the structure exhibited 1 1
by a given compound can be dependent on the methody = A
used in its preparation, it is advisable to analyse sepa-
rately the fusion curves for solids obtained from both The meaning of the five adjustable parameters is as
sources. follows: A, area under the curvg;, temperature maxi-
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Fig. 5. Component curves obtained in a peak-fitting analysis of a
pindolol fusion curverf= 1.53 mg, heating rate =°C/min).

mum;wy, peak widthw, andws, parameters account-
ing for the curve slope at the left and at the right side
of the maximum. The experimental DSC signals were
fitted with two curves and their characteristic features
were determined. An example of the fitting analysis is
shown inFig. 5for a fusion curve recorded at a scan-
ning rate of C/min.

A cluster analysisHratchell, 1989 of Tpeak values
determined for nine samples upon heating &€min
led to the formation of two groups identified as poly-
morphs: one is characterized Byeak=170.2+0.2°C
and the other bifpeak=171.04= 0.3°C. The value de-
termined for the global enthalpy of fusion was,sH
=58.8+ 0.8 kI mot 2.

From the area under the component curves, we may
conclude that the original pindolol is a mixture of two
polymorphs in a ratio estimated to be 3:1 of the lowest
Tpeak relative to that of the highe3heak

We begin the analysis of the data obtained for the
pindolol after the first fusion by considering the crys-
tallization of the melt. It is worth to note that this trans-
formation occurs by rule at two distinct temperature
rangesFig. 6). For a set of 72 cooling runs correspond-
ing to 18 samples, each of one submitted to four succes-
sive heating/cooling cycles recorded &2min, 65%
of crystallizations occurat 75 1°C, LTC, 28% at 143
4+ 7°C, HTC, and only 7% at a temperature between
these limits. At higher scanning rates, an identical trend
is observed although the solidification temperature de-
creases as the rate increases.

Different values are found for the crystallization en-
thalpy of the solids obtained at the two temperature
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Fig. 6. Crystallization curves obtained in different runs of the same
sample. (a) cooling curve for third run; (b) cooling curve for second
run (m=2.71 mg, cooling rate = ZC/min).

ranges. For the solid obtained at HT&gysH = —50

+ 3kJImot?, whilst for that at LTC,AcrysH = —30+
1kJmolL. Both values are below that obtained for the
fusion enthalpyAs,sH = 584+ 2 kd mol1, what means
that in particular the solid formed at LTC has low crys-
tallinity. The crystallinity increasing upon heating of
the solidification yields can be observed in the DSC
curve for the solid obtained at LTC, and is shown in
Fig. 7. The structural perfecting is a slow process tak-
ing place between 110 and 158.

The crystallization of molten pindolol at two well-
defined and distinct temperature ranges can be under-
stood by assuming a phase separation of the melt on
cooling before crystallization takes place. The crys-
tallization of one of the liquids requires a supercool-
ing corresponding to HTC, which is within the range
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Fig. 7. DSC heating curve for LTC solid obtained by freezing molten
pindolol (m= 2.97 mg, heating rate = 2€/min from 60 to 160C
and 1°C/min from 160 to 175C).
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expected for most organic substances including melts Tpeak Set were characterized by temperatures 120.0

(Mullin, 1993). The other liquid phase crystallizes at
LTC that is at a much higher supercooling.

On cooling the melt, the crystallization is initiated
in the liquid phase of lower supercooling. Although the

0.2°C (Ill), 170.6+ 0.1°C (Il) and 171.14 0.2°C (I).
Frozen melt is once in a while a single polymorph (I,
Il or IIl), more often it is a mixture of polymorphs I
and I, and a few times a mixture of polymorphs | and

spontaneous nucleation in the other phase would occurll, or | and Ill. The value found for the global fusion

at LTC, the presence of the emergent solid phase in-

duces its crystallization due to an effective reduction of
surface energy for the solid embryo formation (hetero-
geneous crystallizationxtoby and Talanquer, 1996

Thence, on thermodynamic grounds, a complete crys-

tallization of molten pindolol should be observed at
HTC, that is, around 143C.

enthalpy was 58t 2kJmot1, which is not signifi-
cantly different from that determined for the original
substance. Attending to the valuesTpta the origi-
nal pindolol used in this investigation is a mixture of
polymorphs | and .

The two-phase separation of molten pindolol on
cooling evidenced by DSC data for the crystallization

However, the rate of nucleation in viscous media, as could be observed by PLTMrig. 8 shows the main
that we are dealing with, is a rather slow process, and steps observed in some experiments on cooling molten
even at a low scanning rate, the number of homoge- pindolol at 2°C/min. At 134.6°C in almost simulta-
neous nucleated centers would be sometimes negligi-neous processes the liquid separates out in two phases
ble (Turnbulland Bagley, 1975This meansthatnucle-  and the crystallizationin one of them begins. The liquid
ation at HTC can be by-passed. Furthermore, in viscous phase separation is a very fast process and the frontiers
media, the nucleation rate as a function of supercool- of both liquid phases are clearly observed. The crys-
ing exhibits a maximum at a certain temperature, and tallization of HTC form ends at 133<@, giving rise
decreases either for lower or higher supercooling. In to a solid texture resembling paving parallelepipedic
fact, according to the classical nucleation theory, the blocks ended by atriangular wedge microstructure. The
higher the supercooling, the greater the driving energy nucleation-growth process in the other liquid phase oc-

for nucleation becomes, but the decrease of tempera-curs as the temperature reaches 7€.5giving rise in

ture gives rise to an increase of the viscosity disfavour-
ing crystallization Turnbull, 1969. That is, when for

kinetic reasons crystallization does not occur at HTC,
the probability that it happens at lower temperature is
small and then it will take place at LTC through a crys-
tallization process initiated in the other liquid phase.

the first step to a globular solid texture followed by a
dendritic structure.

The crystallinity degree of the precipitated forms
increases on heating as can be shown in the last two
pictures ofFig. 8 which corresponds to the recent pre-
cipitated solids after heating at&/min. Aside some

Once initiated, the crystallization process spreads over structural detailed transformation observed upon heat-

the two liquids.

Whatever the mechanism, a complete solidification
of the melt is reached, occurring commonly at HTC or
at LTC. The latter is the most probable event.

Evidence has been given for spinodal decomposi-
tion of viscous liquids into liquid phases by density
fluctuation of small amplitude and large exteéRbperts
etal., 1996; Klein et al., 1988; Olmsted et al., 1298

Like was done for the original pindolol, the search
for polymorphs generated by cooling the melt was un-
dertaken by analysis of the fusion endotherms. Fol-
lowing an identical procedure, 60 fusion curves, re-
sulting from samples cooled at’€/min and heated
at 1°C/min, were analysed. Most curves were fitted
to two individual components, some to three and a few

ing, an Ostwald ripening effect is well evidenced in the
original dendritic structure.

A solid formed at around 10CC followed by an-
other one at 74C is another type of crystallization
observed in a few experiments. The first solid formed
exhibits a banding structure and the second one is iden-
tical to that described for that temperatukég(. 9).

The most common behaviour exhibited by pindolol
on cooling is the crystallization of the melt at a unique
temperature value of about 76. Fig. 10shows a typ-
ical image for the crystallization at this temperature.
The nucleation is initiated at 7% and a mixture of
forms is generated in a cellular crystalline front giving
a heterogeneous structure.

Three polymorphic forms of pindolol with fusion

were single components. The clusters originated by the temperatures within 1IC temperature range were
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134.7°C

Fig. 8. Crystallization of molten pindolol: evidence of liquid separation and crystallization at HTC and LTC. Crystallinity increases on heating
(cooling rate = 2C/min, heating rate = 5C/min).

identified upon freezing the melt. The small differences energy range of 8.1 kJ motabove the lowest energy
found for the fusion temperatures indicate close values conformation are observed (unpublished data by the
for solid lattice energies. This is an expected result for guthors). Although the number of molecular confor-
a compound having a flexible molecule as that of pin- mations will be drastically reduced in liquid and solid
dolol. By molecular mechanics, 20 different backbone states, different conformations involving small energy
chain conformations for the pindolol molecule in an  differences are expected.
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101.7°C

101.3°C

72.0°C

Fig. 9. Crystallization of molten pindolol: solidification at an atypical temperature and LTC (cooling rat€/mkh).

Fig. 10. Crystallization at LTC giving rise to a mixture of forms
(cooling rate = 2C/min).

Attending to structural similarity among the poly-
morphic forms, the great probability for their simulta-
neous crystallization is understandable.

We are aware of two research works performed on
the structure of pindolol using X-ray diffraction. The
samples studied in one of these works were obtained
by slow evaporation of a methanol soluticgBradet et
al., 1976, and the samples for the other were prepared
by crystallization from ethanolQhattopadhyay et al.,
1995.

By comparing the data given in both papers, we
came to the conclusion that the samples correspond to
different structures. The crystallographic system and
space group proposed in both publications are identi-
cal; the figures obtained for bond lengths and angles are
inagreement, but there are differences for the angles de-
fined by the atoms of the isopropilamino moiety. Also,
different values are assigned to the C(11)N(12)H(12)
and C(13)N(12)H(12) torsion angles.
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4. Conclusions Bernstein, J., Davey, R.J., Henck, J.O., 1999. Concomitant poly-
morphs. Angew. Chem. Int. Ed. 38, 3440-3461.
Some points discussed in this work deserve to be Bratchell, N., 1989. Chemometrics and Intelligent Laboratory Sys-
f dt ludi ks. DSC i luabl tems. Elsevier, Amsterdam (Chapter 7).
reterred to as concluding remar S. .IS a valuable Brittain, H.G., Byrn, S.R., 1999. Structural aspects of polymorphism.
research tool to characterize polymorphic forms even . grittain, H.G. (Ed.), Polymorphism of Pharmaceutical Solids.
separated by small energy differences. Itis a very sen-  Marcell Dekker, New York (Chapter 3).
sitive technique to structural variations, and for many Chattopadhyay, T.K., Palmer, R.A., Mahadevan, D., 1995. Molec-
solids, the DSC fusion curves are obtained in the high- ~ Ular and absolute crystal structure of pindolol-1-(1H-indol-
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QS'[ crysta y deg N ! . adrenoreceptor antagonist with partial agonist activity. J. Chem.
rive advantage of the method, attention has to be paid  cystallogr. 25, 195-199.
to the experimental procedures and a detailed statisticalGradet, P.M., Goursolle, M., Leger, J.M., Colleter, J.C., 1976.
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. . . . Klein, H., Schmitz, G., Woermann, D., 1988. Evidence for spinodal
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oxygen. The overlapped fusion curves of the polymor-  chem. 92, 870-872.

phic forms were separated by peak fitting analysis, and Mahrous, M.S., Issa, A.S., Ahmed, N.S., 1992. Oxidants for the col-

the values determined for tﬁ_%eak grouped into clus- orimetric determination of pindolol. Talanta 39, 69-72.
ters, each one corresponding to a distinct polymorph. M“'(“(r:‘hip‘)’t"é-r 1;;93- Crystallization. Butterworth Heinemann, Oxford
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